This paper investigates the impact of the dynamic hydraulic conditions on the kinetics of chlorine decay in water supply systems. A simulation framework has been developed for the scale-adaptive hydraulic and chlorine decay modelling under steady-and unsteady-state flows. An unsteady decay coefficient is defined which depends upon the absolute value of shear stress and the rate of change of shear stress for quasi-unsteady and unsteady-state flows. By coupling novel instrumentation technologies for continuous hydraulic monitoring and water quality sensors for in-pipe water quality sensing a pioneering experimental and analytical investigation was carried out in a water transmission main. The results were used to model monochloramine decay and these demonstrate that the dynamic hydraulic conditions have a significant impact on water quality deterioration. The spatial and temporal resolution of experimental data provides new insights for the near real-time modelling and management of water quality as well as highlighting the uncertainty and challenges of accurately modelling the loss of disinfectant in water supply networks.
INTRODUCTION
Chlorine and monochloramine are commonly used water treatment disinfectants. Understanding the spatial and temporal variability of these disinfectants in water transmission and distribution networks is critical for managing the water quality, detecting and responding to contamination events (Yang et al. ) and complying with various regulatory requirements. The loss of disinfectant residual weakens the barrier against microbial contamination that poses a public health risk. An optimal concentration of disinfectant residual throughout a water supply system is necessary as excessive levels may produce taste and odour problems, accelerate pipe corrosion and enhance the formation of trihalomethanes, haloacetic acids and chlorophenols (Vasconcelos et al. ) . The parameters and processes that influence the water quality changes are complex. Pipe material, age, water temperature, pH, corrosion and biofilm formations modify the chemical and biological reactions that take place in the bulk fluid and on the pipe wall.
A critical factor governing the decay of residual disinfectant within transmission and distribution pipes is the hydraulic conditions. Although it is assumed that water supply systems operate under steady or nearly steady hydraulic conditions, this assumption is frequently violated due to routine demand changes, planned or accidental operational changes, pump scheduling, pressure management activities and occasional failures ( Figure 1 ). Consequently, the operational conditions vary between steady-, quasiunsteady-and unsteady-state flows.
While previous experimental studies have concluded that chlorine demand and in particular the wall demand is Recent studies also demonstrated that transients can occasionally cause negative pressure and facilitate contaminant intrusion (Fleming et al. ) . were associated with changes in the hydraulic conditions.
These discoloration events almost certainly affected the chlorine residual; unfortunately, no continuous and automated chlorine sampling is currently carried out in the UK and this is a common problem worldwide. As water utilities are under pressure to implement operational strategies to mitigate the risk for potential water quality failures against a backdrop of increasingly stringent regulatory legislation, understanding the mechanisms of water quality failures in water transmission and distribution has important implications for their serviceability (Ofwat SIM ). term investigations and the data may not be representative of the true water quality due to the volume of the by-pass/ flow cell, the water sample and the long sampling interval.
In addition, the measurements did not capture the dynamic investigation details the pioneering experimental programme; Section Data analysis describes the acquired data and observed hydraulic and water quality processes; Section
Calibration of analytical models discusses the application and limitations of the proposed model and coefficients. 
ANALYTICAL INVESTIGATION
where K b and K w are the bulk and wall reaction rate constants, respectively. K b is a function of temperature, initial disinfectant concentration and organic content in the water, and it is determined by laboratory bottle tests. K w depends on the pipe characteristics and the rate of mass transfer of disinfectant to the wall and is defined as:
where k f is a flow dependent mass transfer coefficient and R H is the hydraulic radius. k w is the wall reaction rate constant and it is inversely proportional to the Hazen-Williams roughness (Vasconcelos et al. ) . The coefficient k f is a function of the Sherwood number to incorporate the flow rate, pipe diameter and length, kinematic viscosity and molecular diffusivity (Rossman ) . K w takes into account the flow rate but not its acceleration and deceleration.
The impact of flow velocity on the loss of chlorine residual in unlined metallic pipes could be significant
studied the free chlorine loss in corroded metal and polyvinyl chloride (PVC) pipes subject to changes in flow velocity under controlled laboratory conditions. The study demonstrated that in old unlined metal pipes, the loss of chlorine residual increases with velocity, i.e. the fitting parameter K w is flow dependent. In comparison, the wall demand in PVC pipes under the same flow conditions was negligible.
The observed discrepancy may be attributed to dynamic changes in particulate surface area associated with the release of corrosion products from the pipe surface.
Chlorine residual transport models commonly use first 
Proposed 1D transient water quality model
The main characteristics of the developed transient water quality model are as follows:
(1) The model is 1D in order to be computationally efficient and with a lower complexity of calibration. in which Q(x,t) and H(x,t) are the instantaneous average fluid flux and the piezometric head, respectively, along the longitudinal distance, x, and time, t; a o is the acoustic wave speed; g is the acceleration due to gravity and A is the area of the pipe. The friction head loss per unit length of pipe h f is the sum of the steady-state h fs and unsteady-state h fu friction head losses.
The steady-state friction loss per length is approximated by the Darcy-Weisbach formulation,
which f s is the friction factor that depends on the material roughness and the flow regime, and D is the pipe diameter.
To estimate the unsteady friction loss h fu and consequently the unsteady shear stress τ u , various 1D models for representing the non-uniform distribution of a velocity pro- (i) the value of the unsteady shear stress at the start of the time step, τ u,j , and (ii) the velocity change during the time step, Δt, as follows: 
Disinfectant (chlorine and chloramine) propagation model
The transport of the disinfectant residual concentration (C ) in a pipe is described by the 1D advection reaction equation
where J is the flux in or out of the control volume, and K is a decay coefficient (Figure 4 ). Diffusion is neglected since the high turbulent flow makes advection the main transport mechanism in a pipe with a Peclet number >10 6 . A first order reaction term is considered to adequately represent 
Unsteady decay coefficient
Three definitions of disinfectant decay coefficients are investigated: (i) a single and constant coefficient K; (ii) a bulk and
differentiates between quasi-unsteady-and unsteady-state
In the proposed decay coefficient, K ss and K us are fitting parameters that take into account the steady-and unsteadystate hydraulic conditions. K ss is applied during steady-state In this study, K us describes the additional chlorine demand due to the particle resuspension resulting from the flow dynamics as defined in Equation (8). K us is a function of the absolute change of steady shear stress and the rate of change of shear stress. Under unsteady-state flows, the rate of change of shear stress is determined by the value of the unsteady shear stress. The latter is calculated using the transient hydraulic model, and it accounts for the rate of change and magnitude of flow velocity and cross-sectional variations in a velocity profile during unsteady-state flow conditions. Both of these processes cause particle mobilisation.
The coefficient K ss is calibrated with experimental data obtained during steady-state flow conditions and represents both the bulk and wall decay processes. The additional K us term describes the disinfectant decay that is assumed to be caused by biofilm resuspension and enhanced mixing associated with: (i) the change of shear stress and the rate of change of shear stress for quasi-unsteady flows; and (ii) the change of shear stress and the unsteady-state shear stress developed during unsteady-state flows.
EXPERIMENTAL INVESTIGATION
The experimental investigation was carried out in a water Unlined cast iron pipes tend to have a higher probability of corrosion which results in encrustation, tuberculation, deterioration in water quality and the potential for increased and water quality data were also acquired at the pumping station.
The WQ labelled sites (Figure 6 (e)) included a multi-parameter, in-pipe water quality probe and an InfraSense RTU measuring pressure continuously at a sampling rate of 128 S/s. The acquired water quality data included pH, total chlorine, free chlorine, dissolved oxygen (DO), conductivity, temperature, turbidity and 'apparent' colour, i.e.
colour from both dissolved and suspended components. 
DATA ANALYSIS Unsteady hydraulic data
The piezometric head and flow data for a 1 hr period which capture a naturally occurring unsteady flow event are plotted in Figure 7 . The elevation of the pressure transducers was measured using a Leica GPS1200 þ /GNSS surveying system with a vertical accuracy of 10 mm. Unfortunately, instrumentation failures limited the continuous availability of data; these were caused either by water ingress through • Little variability in the water quality data at the measurement locations during steady-state flow conditions.
• The observed increase in 'apparent' colour (Figure 8(d)) was attributed to the resuspension of sediments caused • The rapid changes in flow velocity (Figure 8(b) ) correspond to significant changes in monochloramine (Figure 8(f) ). This phenomenon is subsequently discussed and modelled.
• Changes in the pH (Figure 8(h) ) correlate with the observed increase in colour.
CALIBRATION OF ANALYTICAL MODELS Hydraulic model
The implemented solver models the system hydraulics 
Modelling disinfectant decay

Boundary conditions
The concentration of monochloramine used in the water quality model as an upstream boundary condition was acquired at the pumping station. A Neumann adiabatic boundary condition ∂C/∂x ¼ 0 was used at the downstream end, F&P3.
Decay coefficients
Three formulations of the monochloramine decay coefficient were applied: (i) a single coefficient, K; (ii) a combined bulk and wall coefficient, Figure 10 ).
(i) Single decay coefficient (Case I): The value of K was determined to be 10 À5 s À1 using the analytical solution of the ARE for steady-state flow and the acquired data.
The measured and predicted monochloramine concentration at site WQ2 during and after the rapid changes in flow velocity underestimate the observed disinfectant decay.
The presented case study includes an abrupt flow decrease followed by a rapid flow increase after around 21 min as the pumps were switched off and on again (Figure 8 ).
During that period, the flow velocity was considerably (ii) Combined bulk and wall coefficient (Case II): The coefficient is estimated from Equations (1) and (2) which demonstrate that the assumption the wall demand parameter is constant for a given pipe 
where L is the length of the pipe, g is the acceleration due to gravity and dV/dt is the rate of change of flow.
For I 10 m the flow is considered quasi-unsteady, while for I > 10 m is considered to be unsteady-state) (Karney et al. ) .
During steady-state flows, K ¼ K ss , while for unsteady- were captured during the experimental programme. However, these did not cause discoloration or major changes in chlorine residual as the rate of change of shear stress was an order of magnitude smaller than the one observed in the presented case study. These observations highlight the importance of recognising the rate of change of shear stress when modelling particle mobilisation and chlorine decay. As an initial approximation, Equations (8) and (9) are formulated for the quasi and unsteady-state flows as follows:
where C 1 , C 2 , C 3 and C 4 are constants calibrated from experimental data. K us is a fitting parameter.
It is assumed that C 2 <1 and C 4 <1 so that the functions are concave as the decay coefficient should reach a finite threshold irrespective of the magnitude of the unsteady event. These relationships are illustrated in Figure 11 . According to Equations (8) and (9), K us becomes zero as soon as the flow velocity stabilises and |Δτ s | ¼ 0 and |τ u | ¼ 0.
However, the effects of a short duration hydraulic event last longer since the released material travels along the pipeline and reacts within the bulk and pipe wall for some finite time.
K us is applied for a period of time that represents the advection time required for the mobilised material to travel along a stationary (monitoring) point (Figure 12) . Furthermore, the discoloration material is not uniformly distributed along a pipeline and it most likely resides in discrete locations. Consequently, slugs of resuspended material might be formed rapidly into a pipe following a hydraulic disturbance ( Figure 12 ).
The enhanced decay reactions do not occur along the complete pipeline system, but rather in discrete locations based on the size and position of slugs of resuspended material. Therefore, the length of pipe for which K us is applied and the duration depend on the size of the mobilised slug and the flow rate. To describe this process, it is assumed that at every time step n, K us can only increase from its previously obtained values and remain high such that: the flow acceleration K us is higher due to the higher change of shear stress and rate of change of shear stress which affirms the assumption that these two parameters control particle mobilisation. Figure 13 (d) shows the calculated K us using
and C 2 ¼ 0.2 to achieve a reasonable prediction of the monochloramine decay during the hydraulic event. Based on the captured data, it is estimated that the higher reaction rate continues for 20 min after the rapid change in flow velocity.
Consequently, K us is applied at approximately 700 m upstream from WQ2 and N ¼ 480, where N is the number of water quality time steps during which |Δτ s | ¼ 0 and validation of the modelling approach to a range of operational systems and conditions is an ongoing process.
CONCLUSIONS
The mechanisms that lead to the deterioration in the quality of potable water, principally chlorine residual and discoloration, are not well understood. The presented study provides a unique insight into the impact of the unsteady flow conditions on the kinetics and decay of chlorine disinfectants. (7) While this study was applied to a water transmission main, further experimental research is required to gather hydraulic and water quality data with sufficient temporal and spatial resolution in distribution networks.
